INTRODUCTION
The key role of interactions in order to understand the dynamics of economic systems is increasingly appreciated. Interactions among agents are at the origin of the endogenous change of both preferences and technologies (Lane, 1993; Lane and Maxfield, 2005; Durlauf, 2005) .
Within advanced economies, based upon the production and use of services, the organization and implementation of interactions between a variety of business partners and institutions becomes a central issue in the generation and dissemination of knowledge. Within economic systems, agents do more than exchange and trade: they interact, in that they share and barter tacit knowledge and specific competencies. Such knowledge interactions take place vertically in the context of user-producer transactions that parallel market transactions, horizontally among firms engaged in competitive relationships, and diagonally among firms and other institutions. The intentional pursuit of qualified interactions, their organization and exploitation are increasingly seen as effective innovative strategies that enable the generation of new knowledge by allowing access to external complementary knowledge (Antonelli, 2008b) .
The new understanding of the dynamics of knowledge generation parallels major institutional and organizational changes in the universities' characteristics and modes of operation. The traditional "open science" and "knowledge mode 1" models are being challenged by new organisational forms of the university, as described by the "mode 2", the "entrepreneurial science" and the "triple helix" models. These models have revisited an array of elements that typically characterize different systems of scientific knowledge creation and distribution: 1) the characteristics of knowledge flowing from universities (i.e., knowledge as a public good vs. knowledge as a private good); 2) the nature of the research activity itself (i.e., basic research vs. applied and contract research); 3) the processes through which knowledge is created and distributed (i.e., publication and teaching vs. patenting, consulting, scientific entrepreneurship and more generally "third stream activities"); 4) the organizational and governance forms through which knowledge is created and disseminated (academic self-governance vs. university industry interactions).
Precisely, the current shift in the organization of science and knowledge production from Mode 1 (Bush, 1945) and "open science" (Dasgupta and David, 1994) to Mode 2 (Gibbons et al., 1994; Nowotny et al., 2001) , Triple Helix and entrepreneurial science (Etzkowitz, 2002; Etzkowitz and Leyedesdorff, 2000) and university-industry networks (Lawton-Smith, 2006) seems to support the idea that scientific production benefits from agglomeration and concentration of different research organizations and from interaction between firms and universities. In Mode 1 and the "open science" model, research was conducted in an individualistic way, within a single organization, within the boundaries of a single discipline, with few if any collaborations with industry. The scientific output of such research activity was then possibly and subsequently applied to the productive activities of industries and firms, so that the innovation process itself was conceptualized as a linear process. This model had its day between the 1950s and the 1980s, but it became less efficient following the decline of the innovative model based on large corporations. On the contrary, in Mode 2, the triple helix model and entrepreneurial science, research involves wider connections and collaborations across institutions, scientific fields, industrial sectors and countries. This supports the emergence of multidisciplinary science, vertical and horizontal integration across institutions, and scientific diversification. This also favours the view that the organization of scientific activity and the growth in knowledge production may benefit from consolidation and collaboration not only within the academic system but also and especially between universities and firms. This model acquired increasing relevance both in the literature and in practice since the mid-1980s.
The objective of this contribution is to understand, both analytically and empirically, this shift in the organization of knowledge production. The integration between information economics, the economics of knowledge and the economics of interactions provide the basic tools to elaborate an appropriate framework to understand the closer relationship between university and industry. In this perspective, the economics of interactions and social networks is emerging as a fruitful field of analysis that qualifies communication among agents within economic systems as an essential determinant of knowledge dynamics. University-industry relationships gain relevance in the economics of innovation as an interesting case where the market provision of knowledge-based services and the sharing of localized competence and idiosyncratic expertise among heterogeneous agents with distinct and limited competencies provide the foundations for the generation of further new knowledge. Elaborating upon data for Italian regions, we provide evidence of a positive relationship between scientific production in universities and private R&D performed by firms. Our argument supports the increasing emphasis given to university-industry collaborations as appropriate strategies aiming at the exploitation of the positive feedbacks between academic research and industrial R&D.
This contribution is structured as follows. Section 2 analyses the characteristics and implications of the shift in the organization of scientific production, from the traditional open science model to the new understanding based on the entrepreneurial activity of scientists and the collaboration between university and industry. Interactions support the emergence of quasi-markets for knowledge-based services, where universities are new entrepreneurial players. Section 3, elaborating upon the Italian case, provides preliminary and descriptive evidence for the positive relationship between scientific publications and private R&D activity. The conclusions summarize and put the main results into perspective.
THE NEW ORGANIZATION OF SCIENTIFIC PRODUCTION: FROM OPEN SCIENCE, TO UNIVERSITY ENTREPRENEURSHIP, MARKETS FOR SCIENCE AND UNIVERSITY-INDUSTRY INTERACTIONS
Institutional and organizational characteristics of universities are at the centre of the economic analysis of the academic system. In particular, the effect that different organisational and governance forms have on the quantity, quality and efficiency of research activity has been an object of analysis in the economics of science (see, for instance, Bonaccorsi and Daraio, 2007; Von Tunzelmann et al., 2003) .
However -while it has long been appreciated that the distribution of scientific production across individuals as well as institutions, is by no means normal but it is well described by a Pareto distribution, where the largest proportion of output is accounted for by very few researchers and institutions (Lotka, 1926; Katz, 1999; Merton, 1968) the large body of empirical and theoretical literature investigating whether specific organizational and institutional forms have positive effects on scientific production has generated controversial results. Results are nuanced, with a set of studies that support the idea of positive effects of industry-university interactions, agglomeration of R&D and the commercialization of science on scientific production, but only under precise specifications and assumptions; while a different set of studies are more critical, finding that "third stream activities" are not only not relevant to explain the amount of scientific production, but that they are negatively related to its quality.
In particular, the relationship between publicly and privately funded science, the progressive commercialisation of research, and the effects that contract research has on scientific production are the object of ongoing debate. On the one hand, criticisms to contract research are based on the idea that scientists would be less and less committed to publication activities and would substitute the creation of public knowledge and basic research with private consulting to firms. In turn, this would harm the traditional academic ethos based on the publicity of scientific results, the circulation of information and the sharing of knowledge among colleagues, who would instead be seen as competitors in the market for private consulting and contract research (see for instance, Nelson, 2004) . Moreover, according to this view, not only the rise of entrepreneurial activity at universities is detrimental to the traditional academic ethos and culture, but the introduction of intellectual property rights and commercial exploitation of basic research also undermine the transfer of knowledge from university to industry, by restricting the upstream diffusion of knowledge (Mowery and Ziedonis, 2002; Sampat, 2006) . This argument is used to support the claim that the increasing commercialization of science may even hamper the economy's overall rate of innovation (Florida, 1999) .
On the other hand however, it has been stressed that the generation of public science and contract research are complementary rather than substitute, and that the production of basic research would benefit from scientists closely interacting with firms.
In this respect, the seminal study by Mansfield (1995) points to the idea that the academics' scientific production benefits from their interactions with industrial partners. Moreover, in some sectors like biotechnology, higher levels of scientific knowledge production often result from the presence of social networks between 'star scientists' and industry (Zucker et al., 1998; Zucker and Darby, 2001) . Van Looy et al. (2004) and Lowe and Gonzalez-Brambila (2007) find that the combination of basic research, patenting and entrepreneurial activity by academic scientists is beneficial for the intensity of publication.
The specific characteristics of different scientific fields and disciplines seem to matter in explaining to what extent "third stream activities" and university-industry interactions may favour or not scientific productivity. For instance, applied sciences seem to benefit from the agglomeration of and the collaboration between public and private R&D organizations, because of the greater endowment of technical equipment and the need to rely upon external technological resources in order to develop experimental research activities. The benefits seem to stem also from easier access to financial resources and the sharing of equipment costs among a larger number of partners. These, in turn, generate greater efficiency in scientific production (Bordons at al., 1996; Bordons and Zulueta, 1997) . Similarly, Van Looy et al. (2004) and Lowe and Brambila-Gonzalez (2007) find specific differences between, for instance, engineering, where entrepreneurial activities of academic scientists exert a stronger positive effect on scientific productivity, and chemistry and biomedicine where such effects are much weaker. Their results seem to point to the fact that in certain disciplines, the setting up of university-industry collaborations and the development of university entrepreneurship are more time-consuming and less mutually advantageous. This produces a misallocation of resources and efforts in favour of "third stream activities" that is detrimental to scientific production.
The Open Science Model
In the traditional "open science" model (Dasgupta and David, 1994) , the academic system provides the institutional context appropriate to combine the incentives to both the creation of new knowledge and its dissemination. Publication activity is the keystone of this model. Researchers compete for collective reputation within the international scientific community through peer-review and the process of selection. On the basis of the reputation achieved internationally, academics are rewarded in both hierarchical and monetary terms. At the same time, clearly, publications are the main channel through which knowledge can be created and disseminated. In such context, well-described by the famous metaphor of the "ivory tower", research is generally conducted in an individualistic way, within a single organization, within the boundaries of a single discipline, with few collaborations with industry. Interactions between university and industry are possible but limited to large firms able to undertake large R&D projects in their laboratories, and also to hire young PhDs and scientists. The scientific output of such research is applied to the productive activity of industries and firms in a "linear" way.
The functioning of the system, and more specifically the possibility of interaction between universities and large firms performing R&D internally, is possible only as long as the State intermediates between universities and firms. Such an indirect relationship between the business sector and the academic system is based upon the following circular scheme: 1) firms agree to pay taxes that the State re-allocates to the funding of universities; 2) the academic system assesses the quality of scientific publication and the creativity of scientists, on the basis of the peer-review mechanism, and provides them with the appropriate rewards by financing chairs and tenured positions using State funds; 3) academics create and disseminate scientific knowledge by both publishing and teaching; 4) firms access knowledge produced externally by universities through the hiring of highly-educated workers and PhDs able to absorb and build upon the scientific contents of publications.
The basic tenets of the economics of knowledge as they have been put forward by Kenneth Arrow and Richard Nelson provide the conceptual tools to analyse the characteristics, processes and institutional forms that qualify scientific knowledge production in the open science system.
Knowledge created in such a system is public in nature and its characteristics are consistent with the notion of information as a typical public good (Arrow, 1962) : it is non-rival, since more than one person can use it at the same time, and non-exclusive, since it can be shared easily and rapidly, and it is difficult to prevent potential free riders from accessing it. Non-rivalry and non-excludability imply that information cannot be appropriated -or at least it cannot be appropriated completely -by the agents that have invested resources in order to produce it. Information is moreover indivisible and there is a fundamental asymmetry in the assessment of its content: the potential buyer cannot appreciate the value of information without knowing its content, but if the content is disclosed the buyer no longer needs to purchase it. Scientific knowledge shares many of the economic properties of information, and in particular it has the character of a durable public good, since " (i) it does not lose validity due to use or the passage of time per se, (ii) it can be enjoyed jointly, and (iii) costly measures must be taken to restrict access to those who do not have a "right" to use it" (Dasgupta and David, 1994, p. 493) .
Focusing more specifically on the production of scientific knowledge, Nelson (1959) pointed out that the amount of basic research activities performed by private agents competing in a market setting is likely to be inferior to the socially optimal amount. This is due to several features of basic research. First, the outcomes of basic research are characterized by fundamental Knightian uncertainty (there is no known probability distribution over their attainment); and even when scientific discoveries are made, the realization of economic payoffs may require a very long time. As a consequence, the economic value of basic research is difficult to quantify. Second, the discoveries that stem from basic research tend to produce large externalities: results and applications may be obtained that are far from those that were expected ex ante ("serendipity") and hence they may benefit economic agents that are different from those that have invested in their production. Therefore, social returns to basic research are larger than private returns, and this divergence causes a systematic market failure which, in the absence of remedial actions, would result in private underinvestment in science: in order to guarantee that the socially optimal amount of basic research is performed, public investment becomes necessary. This "market failure" argument has constituted the main economic rationale for public intervention in stimulating scientific production since it was first formulated (Mowery, 1983) : it has provided economic justification either for direct public funding of research, or for the design of appropriate incentives and constraints able to induce individuals to behave in ways that lead to globally efficient solutions.
In this context, one of the most fruitful applications of the Arrovian economics of information and knowledge to the analysis of university activities relates to the study of the norms that govern the production and transmission of academic knowledge. An early influential account of the incentives and norms that guide the behaviour of research scientists was provided by Merton (1973) , who identified the main institutional goal of science as "the extension of certified knowledge", and described four interrelated norms that govern its production: scientific findings are the product of social collaboration and should be made available to the scientific community ("communalism"); the truthfulness of claimed observations is to be determined on the basis of impersonal criteria without regard to the identity of the scientist who makes the observation ("universalism"); scientists should be seeking truth, rather than seek to further their own interests by advancing unfounded claims ("disinterestedness"); the scientific community should subject the claims and beliefs of its members to empirical scrutiny before accepting them ("organized scepticism").
These norms imply the autonomy of science in setting its own goals and in pursuing objective knowledge without outside pressures. This was at the basis of the well-known 'university of culture' model, which developed the ideas of Humboldt and the German idealists, and which was closely interlinked with the "open science" model of scientific production. The norm of self-governance and control over the research agenda exercised by the scientific community rely precisely on this view. This norm is justified on the basis of the asymmetric information problem due to society's inability to appreciate the quality of scientists and of their publications, as well as to identify the most promising directions of research (Cowan, 2006) . However, as Antonelli (2008a) pointed out, the system works only if the inventor is rewarded appropriately, so that he or she is induced to make the results of his or her work public, if scientific publication is an effective form of knowledge dissemination, and if some form of economic compensation is granted also to the losers in the priority race. In the absence of such rewards no individuals would be encouraged to undertake uncertain and costly research activities. In this respect, the great ingenuity of the academic system is that it is based on a two-part payment schedule. This consists of a flat salary for entering science, supplemented by rewards to winners of scientific competitions. The flat salary is paid even in absence of research activity, but it is economically justified because it is tied to a complementary productive activity, teaching. The reward for academic priority is instead granted by indexing career advancements and/or wages to publication performance.
Over time, a set of external and internal forces has induced important changes in the academic system, pushing universities towards new organizational configurations. First, the decline in the amount of R&D funded and performed directly within large corporations has been paralleled by the increased division of innovative labor between specialized and often small firms, often able to command high technologies and scientific knowledge, and to combine these with more tacit and practical skills. This decline in the well-established innovation model -based on large corporation performing R&D in their own labs and receiving scientific knowledge from universities -alters the conditions that justify the funding structure of the open science model. Secondly and relatedly, following the Anglo-Saxon model 1 , evaluation and accountability schemes have been progressively introduced in the majority of academic systems in developed countries in order to assess the scientific and organizational performances of academic institutions. These are now compelled to achieve welldefined goals in terms of scientific productivity and administrative efficiency. Thirdly, some inefficiencies of the "open science" system itself have progressively become apparent. The model appears to provide poor guidance to identify both the correct amount of public funds and the criteria to distribute these funds among disciplines and among institutions. The reward system sets up a tension between compliance with the norm of full disclosure and the competition for priority. Competition among researchers may encourage rival teams to undertake a too risky set of research projects within a given program. It may also induce them to choose too similar projects within the program; and if the program involves projects that do not display large fixed costs, too many research teams may be attracted to a given research area, to the possible neglect of other areas.
In sum, it seems clear that the lack of actual communication between the generation of knowledge and its usage lies at the heart of the demise of the "ivory tower" model. In the "ivory tower" model, the university is expected to perform the function of issuing "knowledge signals" without paying any attention to their actual reception on the business side. At the same time universities are not expected to listen to the knowledge signals emitted from the business community. In the new model, industrial R&D feeds academic research and vice versa, both with the bilateral provision of intermediary knowledge inputs and with better signals about the emerging direction of the needs and opportunities of both parties.
The University-Industry Interaction Model
The interpretation of technological knowledge as a collective activity provides the foundations to appreciate the role of knowledge interactions, as well as to qualify the shift in the role and functions performed by universities within economic systems. In this approach, in fact, knowledge is regarded as fragmented and dispersed among a variety of heterogeneous agents where each possesses complementary bits. Their communication by means of both knowledge transactions and knowledge interactions, and their eventual integration, enables the generation of new knowledge (Antonelli, 2008a) . The generation of scientific knowledge is not an exception to this general view. Both scientific and technological knowledge are the result of qualified knowledge communication among agents that have access to dispersed fragments of the general knowledge. For communication to take place it is clear that both parties need to take an active role: both the emission and the reception of signals are necessary. The analysis of university-industry relationships provides an interesting perspective from which to understand the role of both knowledge-based services transactions and interactions as vehicles for knowledge dissemination and as central sources in the innovation process. Interaction and transactions are complementary aspects of a broader process of communication. Communications benefit from the concentration of organizations that are heterogeneous in terms of scientific and technological domains. In this context geographical and institutional proximity are seen as means for more efficient knowledge-based interactions.
Two distinct strands of literature contribute this approach. On the one hand the analysis of limited knowledge appropriability (Arrow, 1962) has led to the identification of knowledge spillovers (Griliches, 1992) and eventually of knowledge absorption costs (Cohen, Levinthal, 1990) . This line of enquiry has made it possible to identify knowledge transactions as sources of knowledge creation and dissemination because they provide economic actors with the opportunity to access external knowledge at costs that are below equilibrium levels because of the well-known effects of pecuniary knowledge externalities (Antonelli, 2009 ). On the other hand the appreciation of the role of user-producer interactions -which were originally understood within the limited context of market transactions between customers and suppliers of well identified goods -has progressively lead to identify and emphasize the broader flows of knowledge interactions including those between firms and universities (Lundvall, 1985; Russo, 1985; Von Hippel, 1988 and 2005) . The merging of these lines of enquiry into an integrated framework has stressed the key role of knowledge communication, consisting both of knowledge transactions and knowledge interactions, as a key source of the generation of new knowledge. Knowledge transactions and knowledge interactions are strictly intertwined and parallel each other. They are often complementary: knowledge interactions add on and qualify knowledge transactions. The identification of the interaction content of transactions becomes crucial in this approach.
In this perspective, universities are progressively emerging as new and crucial partners of business firms in the innovation process, since they are performing an increasingly important role as providers of knowledge-based services supplied in the marketplace and as actors in the organization and implementation of qualified interactions with firms.
It is generally acknowledged that the substantial shift towards both new organizational forms and new ("third stream") activities performed within universities has been supported by four complementary processes: 1) the introduction of accountability and assessment criteria for academic scientists and their research outcomes; 2) the approval on the part of governments of legislative measures aimed at facilitating the commercialization of university research and at fostering industry-university collaborations, of which the most important and the most questioned was the Bayh-Dole Act (1980) approved by the U.S. Congress; 3) the emergence of biotechnology, a scientific discipline that, more than other disciplines, produces results for which commercial applications can be found quite rapidly and profitably; 4) the assignment to universities, in addition to their traditional missions of research and teaching, of an economic development mandate, with a particular emphasis on the generation of benefits for firms' R&D performances, especially in the case of small and technologybased firms. In particular, university-industry interactions as strategies through which universities exert entrepreneurial activity have recently experienced a dramatic rise through increasing patenting, licensing, research joint ventures with private firms, university spin-offs and technological consultancy (Rothaermel et al., 2007) .
A visible qualitative effect of the increased interaction with industry on the part of academia has been, in the 1980s and 1990s, the flourishing of new organizational forms based on both formal and informal university-industry interactions and communication of scientific knowledge. While traditional university-industry interactions and the commercialization of scientific results were based upon licensing (Siegel et al., 2003) , universities are now progressively enlarging the range of strategies devoted to transferring and marketing their scientific outcomes. In this respect, formal interactions and university technology transfer mechanisms rely upon academic-industrial liaison and technology licensing offices, industry-university joint research centres and, more recently, university spin-offs, and generally result in a legal instrument such as a patent, license or royalty agreement. Informal interactions are instead based on the transfer of commercial technology, joint publications and industrial consulting (Link et al., 2007) .
Firms create various linkages with universities and other R&D organizations, with clear benefits for technology-based firms, especially in terms of firm productivity, R&D capability and R&D output (Medda et al., 2005) . The involvement in technology and innovation platforms, through various channels such as formal and informal collaborations, facility sharing, joint R&D projects and the development of university incubators (Zucker and Darby, 2001; Zucker et al., 2002; Rothaermael and Thursby, 2005a,b) enable interaction and coordination processes between firms, public laboratories and universities and support the development of scientific clusters, such as in the case of biotechnology (Robinson, Rip and Mangematin, 2007) . Technology and innovation platforms emerge as directed governance forms for the provision of new knowledge-intensive activities based on the interactions between different organizations, and as institutions that are distinct from the spontaneous organization of economic activities such as in the traditional notion of markets for knowledge (Consoli and Patrucco, 2009 ).
In the models based on the interactions between university and industry, such as Mode 2, the triple helix and the academic entrepreneurship models, research is the outcome of collaborations across organizations, disciplines, sectors and technologies (Mowery et al., 2004; Siegel, 2006) . The importance given to the implementation of vertical and horizontal linkages across institutions supports the idea that the organization of scientific production benefits from agglomeration effects. Consistently with the 'Triple Helix' and 'entrepreneurial science' approach to innovation processes, the spatial concentration of technology centres, R&D laboratories and of academic infrastructures (Abramovski et al., 2007) -which characterizes successful regional innovation systems -provides the suitable endowment to generate opportunities for co-localized firms to take advantage from the diversity of science-and technology-based knowledge, as well as from better opportunities to transfer efficiently both codified and tacit knowledge. A well-established empirical literature confirms that the local diffusion of scientific and technological complementary knowledge bases is increased via the knowledge externalities which stem from human capital in university and R&D laboratories, e.g. by means of postgraduates, researchers mobility and personal contacts among them (Audretsch and Feldman, 1996; Audretsch and Stephan, 1996; Feldman and Audretsch, 1999) .
Here, regions can be loci where effectual industry-related R&D infrastructures are built around new activities and functions of the academic system, such as patenting and licensing, consulting, research outsourcing, scientific spin-offs. Small and medium firms, especially those located on the innovation frontier, can also benefit from academic research.
University and the R&D system at large (i.e., R&D centres, technology experts and consultants, regional agencies for innovation and research) now contribute the knowledge outputs of industry providing new inputs in three major ways. First, firms can receive new inputs in terms of codified knowledge through individuals, both in the form of highly and formally educated human capital and in the form of scientists and senior researchers. Second, the academic system diffuses new knowledge that can be used in the industrial process of knowledge creation through publications. Third, cooperative R&D projects focused on the development of specific technological applications for industrial needs are more and more characterized by the strategic presence of universities (Geuna, 1999) 2 . The university emerges as a first interface among the variety of knowledge bases, not only favouring the effective introduction of generic and scientific knowledge in the activities of business firms, but also creating the conditions that support the application of new knowledge in different contexts.
Formal and informal university-industry interactions are based also on the personal relationships and social networks between academics, industry scientists, and managers and entrepreneurs in local firms. Social networks in fact can account for a better local exploitation of the most excellent skills of each academic vintage. Academics and scholars can provide appropriate consultancy and research support for local firms, even benefiting from close interaction with firms in terms of reputation, new chances and stimuli for academic research, and also in terms of the diffusion of knowledge through the creation of students' job opportunities and placement on the local labor markets. From the firm's point of view, pursuing their research processes in collaboration with universities may be preferable to funding them all internally for several reasons: easier access to a wider range of already existing competences, lower costs of personnel training and internal competence creation, greater cognitive heterogeneity, and, in an increasingly fast-paced economic system, more opportunities for "shaping" their environment by at least partially influencing the actions of potential competitors in research. Firms can also benefit from the access to new knowledge in the form of infrastructures (such as laboratories and databases) and from the opportunity to temporarily post researchers and scientists in academic infrastructures, establishing new chances for learning and research.
In this perspective, university-based spin-offs might be a most appropriate entrepreneurial strategy. University spin-offs can benefit from knowledge transfer embodied in academic scientists and researchers, eventually leading to the development of university-based technology and science parks where small firms and especially new technology-based firms (NTBFs) are not simply tenants or mechanisms to generate financial returns from academic intellectual property (Lockett et al., 2003) . NTBFs can be an effective mechanism to foster innovation and the generation of technological knowledge in the region when they can benefit from a common pool of scientific and technological knowledge and from social networks, in turn increasing the rate of survival of new, technology-based firms and supporting the persistence of their innovative activity (Murray, 2004) . Financial institutions at large and venture capitalists in particular can foster the creation of new technology-based entrepreneurship. Interactions between venture capitalists, new high tech firms often resulting from academic spin-offs, their clients and prospective investors, enable a more effective screening and a better assessment of the value and reliability of new ventures' knowledge (Antonelli and Teubal, 2008) . Venture capitalism supports, on the one hand, the growth of new business ideas and academic entrepreneurship through the funding of technology-based and university spin-offs companies, and, on the other, the diffusion of successful knowledge.
Also in the new approach, scientific reputation based upon publication is a key element in the implementation of effective university-industry interactions (Antonelli, 2008a) . As a matter of fact, academic scientists need to publish so as to reinforce their reputation, signal their competencies in the markets for research services and therefore attract new funds for their activity. Scientific reputation built upon publication now engenders rewards that can be earned in the market for research and professional activities. The interplay between epistemic communities and local communities of practice as new markets for scientists is most important in this context, and the direction of scientific and basic research is strongly affected by developments in existing technologies and products. Very often, basic research provides scientific explanations of technological artefacts that are already in use (Rosenberg, 1994) . The greater the overlapping between scientific recognition and the reputation in the professional community, and the closer the interplay between local academic and professional communities, the more efficient is the role of publication as a system of incentives (Knorr-Cetina, 1999; Feldman and Desrochers, 2004) .
In this context, the boundaries between knowledge as a public good and knowledge as a private good are blurry. Knowledge flowing from universities can be seen as quasipublic good, to some extent similar to knowledge flowing from national laboratories, where, such as in the case of the development of standards and technical measurement and methods, it involves close collaborations with industry. Knowledge is now understood as an essential facility that enters the creation of further scientific and technological developments (Antonelli, 2007) .
In this new context, the more intensive is the communication between business and academic research, implemented by means of both knowledge transactions and knowledge interactions and favoured by geographic proximity and organizational interfacing, and the larger the productivity of the resources invested in research is expected to be.
PRELIMINARY EVIDENCE ON UNIVERSITY-INDUSTRY INTERACTIONS IN ITALY
According to the interactionist approach developed so far, scientific activity within universities and R&D investments by business firms are interdependent elements in the innovation process. Collaborations between academic scientists and industrial researchers, for instance in the forms of technological consultancy or joint publications, are crucial means through which external knowledge can be accessed and knowledgebased services provided. The creation of scientific knowledge in universities and the undertaking of R&D within private firms are complementary and closely related, rather than substitute, and reinforce each other in the creation of further new knowledge.
This leads us to advance the hypothesis that the intensity of knowledge transactions and interactions between universities and firms should increase the amount of technological and scientific knowledge that can be generated with a given level of resources. The preliminary empirical analysis presented in this section will show the distribution of both academic scientific production and private R&D investments for Italian regions so as to provide some tentative evidence about the positive relationships between the two. This section elaborates upon an original database made of 2,673 Italian researchers (assistant, associate and full professors), distributed across 61 universities, active in the fields of chemistry (Physical chemistry; General and inorganic chemistry; Organic chemistry), engineering (Metallurgy; Material engineering; Electronics measurement), earth sciences (Petrology) and physics (Theoretical physics). These scientific fields were chosen first and foremost because in these fields, with the exception of physics, Italy has a scientific impact higher than the European average. Such fields can be thought of as 'best practices' or 'scientific champions' in Italian science. Secondly, they mirror quite well the traditional distinction between theoretical science (Physics), applied science (Chemistry and), and technical or technology-oriented science (Petrology and Engineering) 3 .
This database has been implemented using data from the Italian Ministry of University, Research and Technology (MIUR), and the 2673 researchers included in the database represent the universe of the researchers in those fields. For each researcher, the database provides information on their position (assistant, associate and full professor), the institution in which they are employed (university level), and the region in which the university is located.
In order to analyse scientific production for the different fields, two indicators for output will be used, namely the number of publications cited by articles published in ISI journals, and the number of citations received by such publications. Such output indicators will be then correlated with an input indicator represented by the number of researchers per University and region. In particular, in order to account for the variability of output due to scale effects, we used the number of researchers as a proxy for the dimension of the resources available in a given university. The number of publications and citations is referred to the period 1990-2004 and it is based on the Science Citation Index elaborated by the ISI. Table 1 shows the distribution of researchers, publications and citations across the different scientific fields (Patrucco, 2006) . Here, the larger fields are those in chemistry, which represent 25%, 23% and 18.5% of the population of researchers, respectively. On the contrary, engineering sectors are the smallest, covering 8%, 4% and 3% of the total researchers. These relative weights are, quite obviously, reflected also in the shares of publications and citations. More interestingly, when considering simple productivity measures such as the number of publications per researcher, researchers in physics are the most productive, with 62 publications per researcher. When looking at the citation impact (N° citations/N° publications), chemistry, and in particular the field of General and inorganic chemistry has the highest impact (6.79). Table 1 . The distribution of researchers, publications and citations across the different scientific fields Table 2 . The distribution of researchers, publications and citations across the Italian regions Table 2 shows instead the distribution of researchers, publications and citations by region. Emilia Romagna is the region with the largest proportion of researchers (14%), publications (15.76%) and citations (17.69%), and also with the highest citation impact (6.76). in terms of scientific productivity, that is to say the ratio between publications and researchers, however, Tuscany and Piedmont are, among the largest regions, the most productive ones, with 62.55 and 60 publications per researcher respectively. Table 3 shows the distribution of total, public and private R&D expenditures across Italian regions and compares these with the number of publications. Figure 4 shows the relationship between the intensity of private R&D expenditures (see Table 3 ) and the effectiveness of academic research activity in each region. The log specification of both variables implies the existence of a power functional relationship. The regression line fits the data quite well, supporting the idea that there is a mutually reinforcing relationship between private and academic research. The position of each region with respect to the regression line reflects the extent to which they are above or below average. Out of the virtuous regions, Piedmont is located at the top-right in the diagram, showing the highest combination of the two variables. Then one can find Lombardy, followed by some North-Eastern regions like Friuli and Emilia Romagna. Finally, two central regions, i.e. Lazio and Abruzzi, deserve to be mentioned as contexts in which industrial and academic research are mutually reinforcing. Moreover, it is hardly surprising to note that most of the less developed Southern regions are in the bottom-left part of the box.
The preliminary evidence gathered confirms that the productivity of research activities is larger where there is an agglomeration and concentration of different research organizations and, hence, a closer interaction between firms and universities. The academic system is undergoing a deep transformation in the way in which it creates and disseminates knowledge, as well as in the characteristics of the knowledge it produces. The new academic system emerging from such transformation seems to be able to fill the gap between the two, extreme and traditional cases of knowledge production: on the one hand, the public provision of knowledge through basic research, and, on the other, the private provision of knowledge as a (quasi) proprietary good on the part of firms.
Inter-organizational and qualified interactions are an intermediate knowledge governance mode between the extremes of pure market transactions and vertical integration. Knowledge interaction consists of the intentional implementation of selective and preferential communication between providers of interdependent knowledge-based services. Because of the peculiar characteristics of knowledge as partially appropriable, excludable and indivisible, in a context where transactions are not completely efficient, knowledge interactions emerge as the appropriate strategy pursued by innovators in order to endogenize the effects of positive knowledge externalities and complementarities.
The emergence of a (quasi)market for scientific knowledge and research-based services and the ensuing flows of knowledge interactions are the result of the interdependence among numerous elements: 1) the typical non-exclusivity that characterizes academic employment and the freedom to enter professional markets traditionally accepted for academics; 2) the enhanced knowledge transactions made possible by increasing knowledge appropriability and tradability through licensing, patenting and consultancy; 3) the rise of venture capitalism and of dedicated financial markets for knowledge and innovation; 4) the development of a complementary knowledge intensive business services (KIBS) sector able to intermediate between universities and firms, especially new ones; 5) the improved mutual understanding between academics and firms with respect both to the demand for knowledge and to the identification of local pools of knowledge characterized by high levels of complementarity: 6) the implementation of technology infrastructures, such as research consortia and technological platforms as specific forms of qualified interactions that support technology and knowledge sharing between firms and universities; 7) the faster pace of innovation and the increasing uncertainty confronted by firms, which are therefore increasingly incentivated to liaise with external agents in order to attempt to "control" their environment.
It has been highlighted that there is an inherent conflict between the set of incentives and rewards in the traditional open science system, based on peer-reviewed publication of basic research, and the incentives and rewards that are at the core of the new entrepreneurial university model, focused on the revenue generated from commercial application of basic research.
However, the two different approaches are not only and not merely historically specific, divergent and substitute. The two approaches can be understood also as localised and more or less appropriate according to the nature of the knowledge (e.g., tacit vs. codified) and of the innovations (disruptive vs. incremental) that are being created, or according to the relationship between technological and scientific knowledge that characterizes different fields (Nelson and Rosenberg, 2004) . For instance, while "knowledge mode 1" and "ivory-towerism" can be useful for the creation of codified knowledge in the case of radical innovations, interactions and close collaboration between university and industry can be appropriate in the case of more applied, tacit and incremental innovations. The integration between the economics of information, the economics of knowledge and the interactionist approach provides an analytical framework able to clarify the variety of organizational and governance systems in the research sector. In this framework, open science and university-industry interactions coexist as two complementary modes of knowledge production whose synergies are beneficial to the overall innovative and scientific development (Rossi, 2007) . Open science enables the rapid advancement of the scientific frontier and the opening up of a wide range of scientific possibilities and opportunities. Interactions between firms and universities allow for such findings not only to find useful applications, but also to be constantly ameliorated and adjusted according to users' needs.
In this perspective, knowledge is increasingly viewed as a collective good based upon the integration of external resources by means of interactions and communication, where the division of knowledge renders networks and platforms appropriate coordinating forms. The importance progressively given to intentional interactions and communication in the new economic understanding of knowledge production, requires to consider: 1) the way in which different knowledge bases require different institutional patterns especially in terms of learning and communication norms, and 2) the way in which these patterns and norms imply different forms of organisation and governance of knowledge production (Patrucco, 2008 and ).
The economics of interactions and social networks provides the elementary principles to understand the role of external resources in the overall process of innovation and knowledge creation. Knowledge transactions and knowledge interactions are often complementary: knowledge transactions add to and qualify knowledge transactions. Connections and interactions between actors emerge as a crucial institutional element to understand the dynamic properties of innovation systems and the governance of knowledge creation and dissemination. The growing array of relationships between university and industry are only a specific, and yet increasingly important, case of the more general properties recognized by the economics of interactions and social networks.
In sum, the economics of social interactions provides the economics of knowledge with a powerful tool of analysis to understand and guide the evolution of the organization and governance of knowledge generation. Specifically, the grasping of key role of knowledge interactions provides basic guidance in understanding the evolution of the organization of the academic system. Much work is necessary in order to qualify the actual amount of knowledge communication and knowledge generation that transactions and interactions actually produce and to qualify the characteristics of the context into which they take place most effectively. The identification and valorization of knowledge transactions that are rich in knowledge interactions and the sorting of transactions with a low interactionist content become central issues in the organization of effective knowledge governance mechanisms.
